We investigate the power and the polarization dependence of the intraband dynamics in a bulk semiconductor optical amplifier using both a 2.5-ps pump-probe experimental set-up in contra-propagation and a theoretical model. Our model is based on the rate equations and takes into account the polarization dependence of the gain. By comparing experimental and computational results we are able to highlight the dependences of the intraband dynamics and to extract the non-linear gain compression factor as a function of both pulse energy and polarization of the injected pulses.
Introduction
As data bit-rates increase, intraband effects like carrier heating (CH) and spectral hole burning (SHB) in semiconductor materials have a greater influence on optical signal generation and propagation. For example, a bit rate of 40Gb/s corresponds to pulsewidths of 8ps. And for higher bit rates the pulsewidth will be even smaller. As CH has a timescale of up to 2ps [1], it is not possible anymore to neglect intraband effects for such short pulses. The necessity to take intraband effects into accounts leads to the problem of how to model them for SOA design purpose. A simple and efficient approach is to add a non-linear gain compression correction factor, ε, in the expression of the gain. It is widely used to take into account intraband non-linearities in the mechanisms of gain recovery in semiconductor devices. Even if this approach has proven its worth for lasers, the largest extracted value from experimental results is more than 10 times larger than the smallest extracted value [1] [2] [3] [4] .
By using a contra-propagation pump-probe set-up described in Section 2 and a phenomenological model including the non-linear gain compression factor ε, it is possible to study the influence of the polarization of the optical pulses on the extracted values of ε. The model is derived from previous work by Agrawal et al. [5] . The modifications are concerned with the introduction of TE and TM polarization and the inclusion of the non-linear gain compression correction factor into the gain expression, cf. Section 3. The study of the influence of the polarization shows that the value of ε is greatly dependent on the state of polarization of the injected signals. This is described in Section 4, where the influence of the pulse energy is also presented.
Experimental setup
The device under test is a commercially available 1.5 mm long bulk InGaAsP/InP traveling wave SOA. It is biased at 350 mA and temperature regulated at 20°C by means of a Peltier cooler. Under these experimental conditions, the gain peak is at 1580 nm and the material gain along the TM axis is slightly larger than in TE by about 1dB. Although a more complicated co-propagation heterodyne detection technique [2] has been proposed, a simpler and more flexible method to study the polarization dependence of pumpprobe measurements is to use a contra-propagation configuration where the pump and probe pulses travel in opposite directions. Then, the signals can simply be separated using a beamsplitter, whatever their state of polarization or wavelength may be. The analysis and modeling of the experimental data is not straightforward since the probe experiences different gain recovery processes as it travels through the SOA. For one pump probe delay, part of the SOA could be saturated by the pump signal while another section could already have recovered mainly by intraband effects. It is important to note that the drawbacks of contra-propagation set-up (longer fall time, pulses overlapping at different places inside the SOA depending on the delay) are not relevant here as the proposed model will take them into account, allowing an estimate of ε comparable to that achieved in a co-propagation set-up. A schematic and a full description of the set-up can be found in [6] . It is a one color pump probe contrapropagation set-up with a full control of the state of polarization of the pump and probe signals injected. The wavelength of both 2.5ps injected pulses is 1580nm, corresponding to the gain peak. A typical probe intensity signal transmission obtained in contra-propagation is shown in Fig. 1 . The output signal, proportional to the probe intensity, is normalized by the probe signal level that is achieved in the absence of the pump pulse in order to give transmission values. As discussed above, there is not a single value of time delay ( 0 = t ) when the pump and probe overlap, rather the position of the pump and probe pulses overlap within the device changes as a function of time delay. Therefore, the relative time delay is set to zero when the influence of the pump is the greatest. We refer to the probe input facet (pump output facet) as the SOA input and the probe output facet (pump input facet) as the SOA output. Before A, the probe leaves the SOA before the pump enters it and its transmission is left unchanged. Between A and B the pulses overlap inside the SOA, the probe gain, averaged over the length of the device, is reduced. Toward the SOA output, the gain has started to recover mainly through intraband processes, however, close to the SOA input, the gain is reduced and eventually saturated. A minimum is reached at B, where the pulses overlap at the input of the SOA. This minimum can be expected, as it is at this delay that the pump has affected the entire gain along the SOA structure, with no time for any recovery in the region close to the SOA input. After B the pump leaves the SOA before the probe enters it and the gain has started to recover before the arrival of the probe. As the delay is further increased, the amplified probe signal will continue to increase and the recovery time of the device is monitored. Two components can be seen in the recovery of the probe transmission at positive delays. A fast component between B and C, corresponding to the recovery of the gain compression due to CH and SHB by intraband carrier recombination, and a slower recovery after C associated with interband recombination [1] . Even though the timescales for CH and SHB effects cannot be resolved within the time resolution of the 2.5 ps pulses, the polarization dependence of the intraband dynamics can be determined by examining the relative contributions of the fast component to the probe transmission recovery as a function of the delay.
Theoretical model

General view
A model based on [5] and [7] has been developed in order to describe the probe transmission dynamics. It is an integration of the first order time derivation of the dynamic saturation of the gain [5] . This integration takes into account the time variation of the electric field of both the pump and the probe. The set of differential equations describing the propagation of a pulse inside the SOA can be found as:
where P and φ are the power and the phase of the pulse respectively,
defines a reference frame moving with the pulse at a group velocity v g , A is the sum of the amplitude of the envelope of the pump and probe pulses propagating in the SOA, τ c is the spontaneous carrier lifetime, α int corresponds to the internal losses, α is the linewidth enhancement factor, z is the longitudinal coordinate, E sat is the saturation energy, g 0 corresponds to the small signal gain and g is the material gain defined by:
where Γ is the confinement factor, a the differential gain taking into account intraband effects, N is the carrier density and N 0 the carrier density at transparency. The model is self-contained with the set of equations (1)- (4), fully describing the propagation of two contra-propagating arbitrary pulses inside a SOA.
Gaussian pulse solutions
If it is assumed that int α >> g and the pulses injected are Gaussian, then Eqns. (1)- (3) can be solved analytically as follows:
h is the gain integrated at each point of the pulse profile. If the pulse width τ p is smaller than the carrier lifetime the first term at the right hand side of Eq. (7) can be neglected. Physically, this means that the pulse is so short that the gain is not able to recover within the timescale of the pulse. This implies that the carrier injection and recombination can be ignored during the passage of the pulse. In these conditions, the solution of (7) is written as:
is the unsaturated single-pass amplifier gain and U in the fraction of the pulse energy contained in the leading part of the pulse up to τ is given by:
By definition, U in (∞)is equal to E in , the input pulse energy. In the case of an input Gaussian pulse, the instantaneous amplifier gain G is given by [5] :
Gain modification
It has been shown that Eqns. (6) and (7) give accurate results for input Gaussian pulses in the range of tens and hundreds of picoseconds. However, for pulses of the order of 1 ps, a semiclassical model has been developed by Hong et al. [8] and [9] , where the fast dynamics of a SOA, specifically the SHB is included by using a modified gain, g , defined by:
where g is the material gain given by Eq. (4) and f the correction factor [8] . f can be expressed as a function of the non-linear gain compression factor, ε, by:
where S(τ) is the total photon density generated by the saturating pump pulse signal. Taking into account this modification (12), the set of equations (5)- (7), along with Eq. (10), gives a phenomenological model that allows us to analyze the propagation of a Gaussian pulse in a semiconductor optical amplifier, in a weak or a saturation regime, and with a pulse width longer than 200 fs [8] . This model takes into account the fast gain recovery resulting from the intraband dynamics. However, it does not take into account the slow gain recovery, therefore no variation of the transmission will be present after point C as illustrated in Fig. 1 . It is also assumed that the pump pulse induces amplifier saturation, which will be of different strength for each of the two waveguide eigen-axes based on the experimentally observed probe transmission curves, shown in Fig. 2(a) . Therefore, in the co-polarized case, the same correction factor and the same saturation energy are used for both pump and probe signals. Derived from Eqns. (10) and (12), the single-pass gain for both probe and pump signal is given by:
and the correction factor is:
where i corresponds to either TE or TM polarization. For the cross-polarized case, the pump and probe pulses are propagating along different waveguide eigen-axes. The pump single pass gain and correction factor are given by Eqns (13) and (14) . The probe single-pass gain and non-linear correction factor are given by: 
where i is the index of the probe polarization and j the index of the pump polarization, with i pr , i pu either TM pr TE pu or TE pr TM pu . In Eqns. (15) and (16) it has been considered that: i) the probe propagation along the crossed eigen-axis experiences an unsaturated gain, and ii) the influence of the pump over the probe appears through coupling terms ε is a measure of the saturation strength related to the maximum gain compression. The difference in the values obtained for the carrier density at transparency for the two eigen-axis are in agreement with the ones reported in the literature [10] . The carrier density at transparency for the TM eigen-axis is larger than the one for the TE. The parameters used in this simulation are listed in Table 1 . 
Experimental and simulation results
In this Section, a comparison between the experimental data and the simulation results is presented. The value of ε is extracted for each polarization combination. Finally, the influence of the pump pulse energy on the value of ε is investigated.
Polarization dependence of ε
Figure 2(a) shows the experimental results for the transmission of the probe as a function of time delay for co-and cross-polarization cases. The input pump energy is set at 24 fJ and the input probe energy at 12 fJ, well below the saturation energy of this device measured at 40 fJ in the TE case. Due to stimulated emission, the pump pulse is amplified progressively as it propagates through the SOA and this impacts on the transmitted probe signal. As can be seen in Fig. 2(a) , the onset of the decrease in the probe transmission occurs at earlier time delays for the co-polarized pump and probe pulses due to the fact that the effect of the pump is greater and therefore it has to traverse less of the SOA length to induce gain compression of the probe signal. An additional feature is observed around -30 ps delay when the pump and probe pulses overlap close to the output facet of the SOA. It can also be noted that this feature is strongly polarization dependent. This feature is most likely due to modification of the carrier distribution along the device, depletion of carriers at a given position inside the device can lead to a decrease of ASE travelling from that position and this increase the carrier density at other position along the SOA. The total gain compression is measured between A and B, cf. Fig. 1 . The maximum gain compression is achieved by pumping and probing along the same eigen axis. Along the TM axis, a gain compression of ~7 dB is achieved while, for the TE axis, a gain compression of ~3 dB. When the probe and the pump are cross-polarized, a lower probe gain compression is observed. In the TE pr TM pu configuration the gain compression is ~0.7 dB while in TM pr TE pu it is ~1.2 dB. The fast recovery component is usually attributed to SHB and CH effects [10] . It is most evident in the co-polarized cases. The fast recovery dominates the probe transmission for the TETE case, where only a small level of slow gain recovery remains. A fast component is also evident for the TMTM case but here there is a greater contribution of the slow gain recovery. The intraband effects are only significant in the co-polarized cases. The slow recovery is observed after C.
In Fig. 2(b) , the simulation results of the transmission of the probe signal in co-and cross-polarization configurations are shown for the same energy values as used in the experiment. The pulse full width at half-maximum is set at 2.5ps and the parameters used are listed in Table I . The value of E sat is adjusted until the level of the slow gain recovery at C matches the experimentally observed value. The value of ε is then adjusted until the simulated value of the total gain compression matches the experimental data. Comparison of Fig. 2(a) and 2(b) shows that the proposed model can simulate well the experimental observations. In the cases of co-polarized states, the gain recovery is faster for the TETE configuration than for the TMTM. In the cases of cross-polarized states, the gain recovery is drastically reduced.
By fitting the experimental results with this computational model, it is possible to determine the polarization dependence of ε. The extracted values are summarized as: for co-polarized pump and probe pulses is larger than for cross-polarized pump and probe pulses and reflects the fact the contribution of the intraband effects are larger for co-polarized signals than for cross-polarized ones. The polarization dependence of ε reflects the polarization dependence of the intraband gain recovery mechanisms.
Effect of the pump signal energy
By varying the energy of the pump pulse, it is possible to investigate the influence of the pump pulse energy on the intraband contribution of the gain recovery. Fig. 3 shows the power dependence of ε for the four polarization combinations. It can be seen that ε decreases with increasing pump pulse energy for all pump-probe polarization configurations. Regarding the co-polarization cases, stronger energy dependence can be observed and the value of ε is approximately 10 times greater. When the pump and probe polarizations are co-linear the compression of the gain experienced by the probe signal is larger as the pump signal is depleting the carriers contributing to the transmission of the probe signal. When the pump and the probe polarizations are crossed, the carriers contributing to the transmission of the probe are less affected by the pump signal. Such an effect would be most evident when pumping and probing at the same wavelength, as in this experimental study. 
Conclusion
A contra-propagation pump-probe experiment was used to investigate the polarization dependence of gain dynamics in an SOA device. The advantages of this set-up are multiple, as it allows for any combination of pump and probe polarizations and wavelengths, including copolarized resonant pump and probe signals. The results show a clear dependence of the fast gain recovery with the polarization and energy of the injected signals. Furthermore a phenomenological model based on travelling waves in SOA has been developed. This model takes into account the intraband effects by introducing a nonlinear gain compression factor. Good agreement between the experimental results and the simulation has been obtained. While the model does not take account of the slow gain recovery, it is sufficient to investigate the polarization dependence of intraband gain recovery mechanisms. The dependance of the nonlinear gain compression correction factor ε has been studied and has shown a large influence of the polarization on this parameter which may explain discrepency observed in the estimated values of ε in past references. The polarization dependence of ε reflects the polarization dependence of intraband gain recovery mechanisms.
